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Superconductivity of filled skutterudites LaRu,As,, and PrRu,As;»
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Ternary ruthenium arsenides with the skutterudite structure, J&Ryand PrRuAs,, have been prepared
at high temperatures and high pressures. Electrical and magnetic properties of both compounds have been
studied at low temperatures. Superconductivity in Lé&&y, and PrRyAs,, was found at around 10.3 and 2.4
K, respectively. TheT,. of LaRuAs,, is the highest amongst skutterudite compounds. The specific heat of
LaRwAsS,, has been measured between 2 and 20 K. The specific-heat data can be fit to the exf@ression
=T+ BT3, wherey=73 mJ/mol ¥ and 8=2.6 mJ/mol K, resulting in a Debye temperatuf®) of 233 K.
PrRuAs;, is the only known superconductor within the family of magnetic rare-earth filled skutterudites. The
arsenic plays an important role for the enhancement of superconductivity in both arsenides. Properties of the
superconductivity of LaRjAs,, and PrRyAs;, are discussedS0163-18207)03637-(

INTRODUCTION We have prepared many filed skutterudites
LRwX45 (L=La, Ce, Pr, Nd, Sm, Gd, and TK;=pnicogen

Ternary metal pnictides with the general formula at high temperatures and high pressiirBtectrical and mag-
LT,X4» (L=Ilanthanide;T=Fe, Ru, and OsX=pnicogen  netic properties of these compounds have been studied at low
crystallize in a skutterudite (CoAdype) structure filled by temperatures. Superconductivity in filled skutterudites has
lanthanide atom&? L atoms locate af000) and(1/2 1/2 1/2 been observed for LaR#s;, and PrRuAs;, with T 's of
of a cubic structure like bcc. The transition-metal atom} ( 10.3 and 2.4 K, respectively. LagAs,, has the highest, in
are in the center of a distorted octahedral environment of sithe skutterudite compounds. PrjAs,, is the only known
pnicogen atoms. The skutterudite structure is characterizesliperconducting magnetic rare-earth filled skutterudite. In
by the formation of well-defineck~ groups. These filled this paper the superconducting properties of La#, and
skutterudites show interesting electrical and magnetic propPrRu,P;, are discussed.
erties at low temperatures. One of the most striking features
of these co_mpounds is the occurrence c_)f superconductivity in EXPERIMENT
LaFeP;, with a superconducting transition temperatufe)(
of 4.1 K3* LaRyP;, and LaOsP;, with the skutterudite Using a wedge-type cubic-anvil high-pressure apparatus,
structure are also superconductors with=7.2 and 1.8 K, LRuwX;, (L=La and PrX=P, As, and Spwere prepared at

respectively’ > high temperatures and high pressift@he upper and lower
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= o g FIG. 1. X-ray-diffraction pattern of
- 8 LaRwAs,, prepared at high pressure.
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FIG. 2. Temperature-dependent resistivity between 300 and 2 K FIG. 4. Low-temperature specific heat of LajRs,,.
for LaRWAS,,.
probe microanalyzefEPMA).

stages of the high-pressure apparatus consist of three anvils Copper or gold lead was attached to polycrystals of the
that slide on the wedge formed in shallow V-shaved groovessamples with silver filled by epoxy, and four-lead electrical
The anvil movement is completely synchronized by meangesistivity measurements were performed at low tempera-
of a wedge system. The anvils prepared from cemented tunguares. The dc magnetic susceptibility of the polycrystalline
sten carbide have a ¥6.6 mnf top-square face. The sample samples was measured in the range of 1.8-300 K with a
container made of pyrophyllite is formed into a cube of 21Quantum Design superconducting quantum interference de-
mm on an edge. The sample assembly for the preparation @ice (SQUID) magnetometer. The adiabatic specific-heat

the filled skutterudites is similar to that used for the synthesisneasurement for LaRAs;, was performed in the tempera-
of black phosphorué.The starting materials are put into a ture range between 2 and 20 K.

crucible made of BN. The crucible with a graphite heater is
inserted into the pyrophyllite cube.

The ternary ruthenium arsenides were prepared by reac-
tion of stoichiometric amounts of each metal and arsenic Figure 2 shows the resistivity of LaRAs,, at low tem-
powders at around 4 GPa. The reaction temperatures wegratures. The resistivity decreases with decreasing tempera-
between 800 and 900 °C for Laffs;, and PrRyAs;,. The  ture and sharply drops at around 10.3 K. Figure 3 shows the
samples were characterized by powder x-ray diffraction ustemperature dependence of the dc susceptibility measured in
ing Cu Ka radiation and silicon as a standard. Figure lan applied magnetic field of 5 Oe for LafAs;,. The sus-
shows the x-ray-diffraction pattern of LafAs;,. A similar  ceptibility of the arsenide sharply decreases at around 10.3
pattern was also observed for PyRs,,. All diffraction K. The sample cooled in zero field shows a magnetic shield-
lines of both arsenides prepared at high pressure are assignieg equal to approximately 100% of that expected for perfect
by the index of the skutterudite structure. The lattice con-diamagnetism. The existence of hysteresis between zero-field
stants of the arsenides agree with the results obtained tgooling (ZFC) and field cooling(FC) indicates that the ars-
Braun and JeitschkbThe ratio of composition of the com- enide is a type-Il superconductor. Figure 4 shows the result
pounds prepared at high pressure is confirmed by electroof the specific-heat measurement of LaRs, at low tem-

RESULTS AND DISCUSSION
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TABLE I. T.'s and lattice constants of superconducting filled
PrRu As,, skutterudites.
0 ceee @ [] . .
. . Compounds a(d) T. (K)
g . LaFeP;, 7.8316 4.1
S v’ ? LaRu,P;, 8.0561 7.2
§ ol LaOsP;, 8.0844 1.8
= ° 2FG LaRwAS;, 8.5081 10.3
S FC PrRuAS; 8.4963 2.4
o LaRu,Shy, 9.2700 2.8
20 I 1 1
1 2 3 4 5 electronic structure of LaigB;, has been calculated by em-
T K ploying the tight-binding method within the extendeddKel

framework; the major contribution to the highest occupied
band of the phosphide comes from the orbitals of thari®s

that form the phosphorus sublattiteThe compound Cop
with skutterudite structure is a semiconductor, but CpAs
seems to be metall®é. A recent band structure calculation
peratures. The heat capact@yof the compound can be fitto suggests that CoAsis actually a zero- and narrow-gap
the expressionC=yT+BT® by a least-squares analysis, semiconducto?’ If phosphorus atoms in the skutterudite
which yields the value y=73mJ/molK and B  compounds are substituted by arsenic atoms, the electronic
=2.6 mJ/mol K, the latter value corresponding to the Debyestates of the metal arsenides must change significantly in the
temperaturé®=233 K. Since the specific-heat junpC is  vicinity of Fermi level. The enhanced superconductivity of
1290 mJ/mol K afl ; (=10.1 K), AC/yT.is 1.75. This value  LaRu,As;, and PrRyAs,;, may mainly arise from the change

is slightly larger than 1.43 of BCS theory. of the electronic states.

Further, we have investigated the electrical and magnetic The superconductivity of the ternary chalcogenides
properties of LaRyBh, at low temperatures and found the | Mo4S; persists across the entire rare-earth series, with ex-
superconducting transition at around 2.8 K for LaBij,. ception the Ce and Eu membéfsThe T, of PrMosSg is 2.55

Figure 5 shows the resistivity vs temperature curve fork. Fischeret al. suggest the exchange interaction between
PrRuAs,,. The resistivity decreases with decreasing tem-+the superconductivity electrons and rare-earth ions, and the
perature and sharply drops at around 2.4 K. Figure 6 showsiteraction between rare-earth ions are w&a®n the other
the susceptibility measured in a field of 5 Oe at low temperahand, the physical properties of PeBaxO, have been stud-
tures. A large diamagnetic susceptibility is found at arounded extensively in order to understand the absence of super-

FIG. 6. dc susceptibility measured in the field of 5 Oe for
PrRuAs,, at low temperatures.

2.4 K. _ _ conductivity in this compount PrBa,Cu,0, reveals anti-
T¢'s of the superconducting skutterudites compounds argerromagnetic ordering of the Pr ion at low temperatiffes.
summarized in Table I. Th&, of LaRwAS,, is the highest in The electrical and magnetic data in the compounds

these compounds. Pri@s,, is the only known supercon- LT,P,, show not only the absence of superconductivity for
ductor with a magnetic rare earth in the skutterudites comthe magnetic rare earths, but the magnetic ordering indicates
pounds. There are a few superconductors containing arsenig.strong magnetic interaction between the rare-earth3ons.
ZrRuAs with FeP-type structure has & of 11 K#%butis  We have found a metal-to-insulator transition at around 60 K
lower than theT, (=13 K) of ZrRuP!%'! The black- for PrRuP;,; the resistivity of the phosphide decreases with
phosphorus—arsenic alloys have fh¢s of 6-10 K at very  decreasing temperature from 300 to 60 K, and abruptly in-
high pressure&'* However, theT, of the alloys decreases creases with decreasing temperature below 66 Keisner
with increasing concentration of arsenic. Thg of the su-  has reported that the ac susceptibility of PRy shows an
perconductivity of both materials is not enhanced by arsenicupturn that is still increasing at 0.35 K, indicating possible
On the contrary, th@ of LaRwAs,, is 3 K higher than that  ordering at lower temperaturd$dowever, PrRyAs;, shows

of LaRwyP;,. The compound PrR@s,, is of special interest a superconducting transition at around 2.4 K. This is the only
since superconductivity in Prg@,% PrRuP;, and known magnetic rare-earth skutterudite compound which su-
PrOsP;, (Ref. 14 is not observed down to 2 K. The band perconducts.
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